Abstract-The alarming rate of expansion of oil palm plantations in Southeast Asian countries in recent years is expected to have an impact on the environment and global climate change. This is due to the massive reduction of tropical rainforests and the use of large-scale burning for the clearing of land. Microwave remote sensing is a viable method for the monitoring of the large expanses of oil palm plantations in the region, yet research in this area is insignificant at present. In this study, a theoretical model is developed based on a dense medium radiative transfer method to simulate the backscattering coefficient of 4 year old oil palm canopies. Needles are used to represent the leaves instead of elliptic disks, which were used in an earlier preliminary study. Initial comparisons of simulation results with measurement data obtained using a C-band scatterometer show a good match, but do not show much improvement over the model employing elliptic disks. The model will need to be further verified through the collection of more data from scatterometer measurements and satellite images. It is hoped that these initial theoretical studies and data collection will provide the impetus for future research work in the development of oil palm monitoring applications, of which some possible areas are explored in this paper.
INTRODUCTION
The soaring prices of palm oil in the world markets in the last few years have, up till recently, lead to a boom in the palm oil industry in South East Asian countries such as Malaysia and Indonesia [1] . With the rapid increase and expansion of oil palm plantations in these regions, there is a need for local authorities to monitor their growth, since these regions are also rich in biodiversity. Rainforests, as well as being critical to the survival of many species, serve as carbon sinks for the removal of CO 2 in the atmosphere; yet they are continually sacrificed to make way for oil palm plantations, with detrimental effects on the Earth's environment and climate [2, 3] . Although there are some who argue that oil palm plantations are also capable of serving the same purpose, it is clear that they are no substitute for tropical rainforests developed over hundreds of millions of years. Another adverse effect of oil palm plantations on the global climate stems from the mismanagement of these plantations, where many agriculturalists have resorted to burning for land clearance and preparation [4] . Microwave remote sensing is thus expected to play a crucial role in the monitoring of these large expanses of plantations in the near future by providing relevant information to decision makers so that a balance can be struck between economic development and environmental concerns.
However, research in the remote sensing of oil palm is almost insignificant at present, with only a few brief studies conducted on the backscattering coefficient of oil palm canopies obtained from satellite data [5] . A preliminary scattering model has been developed based on the radiative transfer approach with the phase matrix of the leaves obtained from the scattered field of elliptic disks [6] . In this study, a similar model will be developed, but needle-shaped scatterers will be used instead for the development of the phase matrices of the leaves. This scattering model is described in Section 2 and will be used in the simulation of the backscattering coefficient of oil palm canopies based on ground truth parameters measured at plantations in Bangi, Selangor, Malaysia. The simulation results of the model developed in this study will be compared with that obtained using elliptic-disks [6] to determine if needle-shaped scatterers provide a better match with C-band scatterometer measurements. These results are shown in Section 3, together with detailed analysis of the backscattering behavior of oil palm canopies at various angles of incidence and polarizations. These theoretical model simulations and analysis will provide a platform for future work in the development of monitoring applications in the remote sensing of oil palm, of which some possibilities are discussed in Section 4.
DEVELOPMENT OF THEORETICAL MODEL
The theoretical model developed for this study is based on the multi-layer second order iterative solutions [7] of the radiative transfer equations [8] . The oil palm canopy is configured as two layers above a slightly rough soil surface, in which the top layer consists of leaves and fronds, while the bottom layer is made up of the tree trunks. The leaves are modeled as needles, while the fronds and trunks are modeled as cylinders. This model is shown alongside an actual photograph of an oil palm tree in Figure 1 . The generalized Rayleigh-Gans approximation [9] and the infinite cylinder approximation [10] are used in the development of the phase matrices of the needles and cylinders. The amplitude and Fresnel phase corrections [11] , as well as the Dense Medium Phase and Amplitude Correction Theory (DM-PACT) [12] , are also included to consider the near field and coherent effects of closely spaced scatterers. 
COMPARISONS AND ANALYSIS
The theoretical model is used to simulate the backscattering coefficient of 4 year old oil palm canopies over a range of incident angles at a frequency of 5.3 GHz. This frequency is similar to the frequency used in [6] for comparisons with C-band scatterometer measurements. Input parameters for the theoretical model are obtained from ground truth data collected in Bangi, Selangor, Malaysia in July 2007 at the same time the scatterometer measurements were obtained. The simulation results are shown in Figure 2 in comparison with data measured using the scatterometer. Generally, the simulated backscattering coefficients provide a good match with the measured values. There is not much improvement to the overall matching as compared with the previous model based on elliptic disks (which will not be shown here). This is because the leaves do not seem to contribute much to the overall backscattering coefficient of the canopy in both models. Figure 3 demonstrates that at this frequency, the fronds provide the largest contribution to the overall HH volume backscattering of the canopy, instead of the leaves. The backscattering from the tree trunk and soil surface is negligible based on the simulations. The small difference between measured and simulated values of the backscattering coefficient can probably be attributed to the slight curvature of the fronds, which can be seen in the photograph in Figure 1 .
There is not much difference between the backscattering coefficients at VV and HH polarizations. Both measured and simulated data also show that the backscattering coefficient of the oil palm canopy does not vary much with the angles of incidence, since the fronds are distributed over all angles of orientation. However, these results will need to be further verified with satellite data, since the footprint of the scatterometer antenna is smaller than the size of a single oil palm tree and the measurement results are obtained as averages of multiple measurements over randomly selected points in the canopy. 
POSSIBLE DIRECTIONS FOR FUTURE RESEARCH WORK
The theoretical model developed for oil palm canopies in this study is a simple model that needs to be further verified via comparisons with more scatterometer measurements as well as actual satellite data. This will allow the model to be further refined for theoretical studies, with some suggestions for the improvement of the model already proposed in [6] . An experimentally validated model will offer much needed assistance in the selection and optimization of satellite parameters (i.e., frequency, incident angle and polarization) for the monitoring of oil palm plantations. It is proposed that the next step should involve the collection of large quantities of data on the backscattering coefficients of oil palm canopies of various ages as obtained from scatterometers and satellites at various incident angles, frequencies and polarizations. These data, together with the theoretical model, will hopefully be able to uncover some correlation or trends in the backscattering coefficient of oil palm canopies that can pave the way for the development of monitoring applications. Some probable applications include:
• classification of oil palm plantations from rainforests and other forms of land cover -This will be critical for land-use management purposes, and to ensure that oil palm plantations do not grow unchecked at the expense of tropical rainforests.
• detection and control of oil palm diseases -Basal Stem Rot (BSR) has been identified as the most widespread disease affecting oil palm plantations today [13] . Since this disease leads to the drying up and reduction of oil palm fronds, it is possible that the disease can be detected and monitored through microwave remote sensing. Proper control of such diseases will greatly increase the yield without the need to enlarge plantations.
• monitoring of oil palm growth -Oil palm trees above 25 years of age have a much reduced yield. Clearing old trees to make way for new ones is more conducive for the environment and makes more effective use of the land. The challenge is to develop novel techniques to classify oil palm trees of different ages so that trees beyond their peak production age can be distinguished in remote sensing images. Some initial work in this area can be found in [14] .
• detection of large-scale burning for land clearance and preparation -large-scale burning to clear land for agricultural use should be easily detectable using remote sensing (particularly at optical and infra-red frequencies), thus enabling the relevant authorities to take necessary action.
CONCLUSIONS
The remote sensing of oil palm is very inadequately researched at the moment. Yet, it holds much promise as one of the key techniques that can be used to monitor oil palm plantations -part of an industry that is controversially linked to issues of the environment and global climate change. In this study, a theoretical model is developed for the simulation of the backscattering coefficient of oil palm canopies. Comparisons of simulated and measured backscattering coefficients show a good match, although more data will need to be collected for further validation of the model. These data, together with the model, will provide a platform for the development of various applications to monitor oil palm plantations. It is hoped that these applications will help to increase palm oil yield per square area, thus negating the need to continually expand plantations, while also providing necessary information for proper land management and law enforcement.
